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The recent resurgence of vinyl music records sales led by a consumer demand is increasing
faster than production capability. This has resulted in supply delays across the sector. Thus
far, manufacturing investments have been focused on traditional proven methods rather than
alternative technologies. This paper demonstrates for the first time the production of a stereo
recording via analog methodology using a single pulsed laser beam. Using mid-side theory,
to combine a sum (mono) signal with a difference signal, a 532nm Nd:Yag laser beam was
used to process high-impact polystyrene discs (HIPS). Stereo recordings were manufactured
by varying the laser power to produce a difference signal and deflecting the beam with a mirror
mounted galvanometer to produce the sum signal. Upon playback on a conventional turntable,
the recordings were analyzed with an oscilloscope and stereo separation was observed. To our
knowledge this is the first time a stereo signal has been successfully recorded using a single laser
beam. Previous literature has used a single laser beam to achieve mono signals and required
significant digital pre-processing of the audio source. This new methodology requires lower
investment costs than traditional pressing plants and would make volume-tailored production
more affordable.

1. INTRODUCTION

Traditional vinyl record production methods are focused
on mass production and have changed very little since
Blumlein’s patent in 1931 [1]. Recently, there has been a
strong resurgence for music in this format. This increase in
demand has outpaced production investments, resulting in
a severe lack of manufacturing capacity. As this resurgence
is only recent, there has been limited research into alterna-
tive production methods. There are two obvious avenues of
research to apply new manufacturing technologies: either
creating a new way to manufacture a record or adapting
the existing processes to increase production. For exam-
ple developing new methods to make stampers for pressing
plants, thereby eliminating bottlenecks associated with cut-
ting lacquers and electroforming negatives. Thus far mod-
ern manufacturing methods such as 3D printing and laser
etching have been used to produce mono recordings on
discs.

In the 1960s, when mono recordings were superseded
by stereo, a key requirement was that the associated tech-
nology was backwards compatible. A mono record has the
single channel of audio engraved on the disc in the form of

a horizontal modulation of the groove across the disc sur-
face. As a result a mono record groove has a constant width
and depth. A stereo record is produced by changing the
width and depth of the groove. The horizontal groove mod-
ulation carries the sum (mono) of the signal information
for the two channels. The vertical modulation of the groove
imparts the difference signal of the two channels on the sty-
lus. Therefore, recordings with large groove width changes
have a greater stereo image. Fig. 1 illustrates the sum and
difference movements of a stylus on a stereo record.

Vinyl is used to make records because it is easy to press.
As it is a soft material it suffers from degradation of qual-
ity after excessive playback, manhandling, or poor storage.
The use of a laser opens up the possibility of utilizing ma-
terials with more favorable characteristics. Using lasers for
microprocessing is an extensive research area and has cov-
ered the production of microstructures in polymers to the
scale necessary for records [2–8]. The resurgence of vinyl
record production means that laser technology is becom-
ing an alternative to the traditional production methods.
Lasers have several advantages over using a cutting sty-
lus; they do not blunt and do not create any resistance on
the rotating disc. They can be coupled to CNC systems to
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Fig. 1. Schematic representation of stylus displacement when a record is played, illustrating the playback movements of the stylus as
sum (left illustrations) and difference (right) signals are applied. The black arrowed line shows the overall movement of the stylus when
subjected to the two signals. The illustrated parts in dashed represent the left channel and the continuous represents the right channel. At
the bottom of the figure are illustrations representing the record grooves. Note that all of the stylus movements are in-phase.

provide disc rotation and a transverse feed to produce the
necessary spiral. There are a wide range of optical methods
available to manipulate beams at high speed [9–12]; this
means that potentially the data could be transcribed faster
than real time.

Ghassaei [13,14] has used stereo source material to pro-
duce low-resolution mono recordings. The soundwave was
digitized to produce a 3D representation of a groove with X,
Y, and Z co-ordinates at each sample point. This data was
optimized for either 3D printing or laser engraving. The
research using a 3D printer [13] modulated the groove ver-
tically, producing a difference signal, rather than a mono
signal. Further work by Ghassaei [14] focused on using
a laser to produce horizontally modulated mono record-
ings on wood. The surface roughness of the disc material
added further distortion to the source material. This re-
search produced very low resolution recordings. Both the
3D printer and laser engraver used only had capability to
store small data files and were not capable of sufficient
axis resolution.

A recent patent by Loibl and Schmidt [15] details the
digitization of the soundwaves to produce a stereo record
using a similar methodology to Ghassaei [13,14]. A com-
plex twin laser beam system is used to replicate a similar
cutting process to that detailed by Blumlein [1]. A second
methodology describes engraving the disc using a single
laser directed at a mirror mounted galvanometer system.
A possible complication with this method is that the laser
beam interacts with the surface at an angle rather than per-
pendicularly. This produces feature errors. This methodol-
ogy requires removal of material using multiple passes of
the laser. This is fairly complex as the digital file size is
very large and the galvanometer system may not be able
to exactly overlay each pass. The authors also propose
that they can manufacture stampers for pressing plants us-
ing these methodologies. The patent covers methods that
are unproven.

Here we demonstrate proof of concept of a new method-
ology that can be used to produce a stereo recording us-
ing a laser. Mid-side processing is a studio tool used to
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Fig. 2. An example of ablation rate against fluence, using different polymers exposed to a 266 nm UV wavelength laser, with 60 ps
pulse length [8].

manipulate the stereo field [16]; here we apply it to the
manufacture of records using a pulsed laser. It is used to
rotate stereo information so that machining is in the ver-
tical and horizontal axis. This eliminates the need to cut
at 45◦ to the surface for each channel as is the norm. A
laser can be used to produce the difference information
(vertical) by varying the laser intensity. Horizontal manip-
ulation of the laser beam produces the sum information.
The source material can be processed using simple ana-
log circuitry without any digitization and can be used to
directly control the processing equipment. This simplifies
the process and retains the tradition of the format. An ad-
vantage of using this technology would be that it requires
less investment than a conventional pressing plant and lower
running costs, which makes it more economically viable to
produce small runs.

2. PRINCIPLES OF THE METHOD

The groove width of a typical record is 50.8 µm; a laser
is easily capable of producing a feature in this range [2–8]
as the minimum spot size of a Gaussian laser at its focal po-
sition is typically twice its wavelength (Khan-Malek, 2006)
[4]. Therefore, using a shorter wavelength will produce a
narrower groove. Theoretical focal diameters can be cal-
culated using the following simplified formula. This does

not account for beam divergence or the M2 factor (beam
quality).

W f = λ f

πWO

Where W f is the focal diameter, f the focal length of lens,
and WO the beam diameter before the lens.

As a record groove is engraved in a spiral toward the
center, the linear speed decreases from the outer edge. Using
the RIAA standards this equates to 504 mm s−1 at the outer
edge, reducing to 208 mm s−1 at the inner diameter. This
means there is an increase in laser interaction time resulting
in an increasing groove size. Therefore, the laser power will
have to be reduced as the laser engraves toward the center
to compensate. Reducing the repetition rate of a pulsed
laser will also have the effect of reducing the laser power,
provided that pulse energy remains constant. Decreasing
repetition rate will reduce pulse overlap as the recording
progresses toward the center. There are many studies on
pulse overlap on ablation rates and efficiencies [17,18].
Obviously the repetition rate has to be sufficient so that it
will not affect the audio recording.

Varying laser power has a direct effect on the rate of ma-
terial removal. Laser ablation rates have some form of linear
response as the energy, or fluence, of the laser is increased
[8,19–24]. However, the linear response may be limited. In
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Fig. 3. Processes to manufacture a stereo record.

a Gaussian beam, as the intensity increases the effective
diameter of the beam increases. This is due to the threshold
fluence of the material being exceeded at increased distance
from the center of the beam as the intensity rises. Therefore
groove depth can be controlled by varying laser intensity.

Care has to be taken to select a material that has the
necessary rate of removal and matches the wavelength and
pulse duration of the laser. There are many polymers and
metals that have an excellent linear response [8,19–22].
Fig. 2 illustrates the relationship of fluence against ablation
for polymers irradiated with UV laser pulses [8]. There are
normally two distinct phases of useful ablation. The first is
used for surface modification, such as polishing, or photo
degradation, associated with thermal damage of the poly-
mer. Then there is a second linear response phase that is
from the photochemical breaking of bonds. Lastly there is
an area of processing that is characterized by excessive ther-
mal damage and the possible generation of plasma. When

selecting materials a balance needs to be sought between
ablation rate and suitability of the material for the final
product. High-impact polystyrene has been used in the past
to make 7” singles; it has a good process window in similar
experimental conditions [23] to those detailed in this paper.

Converting a sound recording into a stereo record using
mid-side processing involves several processes. Fig. 3 de-
tails these steps. Firstly the RIAA frequency curve has to
be applied to the audio. Then apply the mid-side encoding.
As the sum frequency increases the laser will be translated
across the surface at a greater speed. This will reduce the
depth of the groove; therefore a weighting will have to be
applied to the difference signal to keep the groove depth
constant. The sum signal can then be input directly into a
rotational mirror with a little correction to account for the
frequency response of the mirror. After the mid-side en-
coding the difference signal will need to have a high pass
filter applied to restrain the needle from jumping out of the
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groove. Then the weighting factor from the sum signal is
applied. A further weighting will need to be applied to the
DC difference signal to account for the rotational velocity
decrease as the engraving progresses toward the center of
the disc; otherwise the groove will increase in depth and
width.

3. EXPERIMENTAL DETAILS

The laser used for this investigation was a Spectra Physics
Navigator II Nd:YAG with a 532-nm harmonic head. A
repetition rate of 20 KHz was used as this emitted a more
stable beam with a slightly improved linear power output
to analog input. The analog input of this laser accepts a DC
0-6V signal; this directly controls the current in the charge
amplifier of the laser. The pulse length was 35 ns, and a
beam expander was utilized to increase the beam diameter
to 10 mm. Once focused through a flat field 50 mm focal
length lens, the laser focal diameter was calculated at 55
um. A cast high-impact polystyrene (HIPS) disc was placed
in the focal plane of the lens and rotated using an Aerotech
CNC system. Fig. 4 illustrates the experimental setup.

The maximum frequency of the difference signal was
limited by the frequency response of the analog input. The
maximum analog input frequency was 10 Hz. As this fre-
quency was below the sensitivity of the playback stylus the
rotational speed of the laser processing was decreased to
1.65 rpm rather than the standard 33 rpm. This resulted
in a full rotation taking 36 seconds rather than 1.82 sec-
onds, as in the case of a conventional 33 rpm recording.
The repetition rate of the laser was set to 20 KHz, which
during 33 rpm playback would be the equivalent of 400
KHz. This would result in the analog input frequency being
pitch shifted to 200 Hz upon playback. A signal generator
was directly coupled to the laser analog input, with a 1.6-V
voltage offset to produce a groove. Peak-to-peak voltage
was calibrated to produce a variance in power sufficient to
create a measurable change in the groove cross section on
the disc; this was 50 mV. A groove without modulation was
produced at 200 mW ± 10 mW. When applying vertical
modulation an oscillating signal with a peak-to-peak power
of 50 mW ± 10m W produced a groove with a minimum
power of 150 mW and maximum of 250 mW. This equates
to a fluence of 0.84 J cm2, which is similar to investigations
by other researchers using this material [22,23]. The errors
for measuring the power output of the laser are associated
with power fluctuations from thermal cycling of the cooling
system.

Horizontal modulation of the groove was controlled us-
ing a mirror mounted on a conventional analog galvanome-
ter driven by an audio amplifier. The 25-Hz sine wave was
produced using a signal generator. After amplification this
had an amplitude of 40 mV on the galvanometer coil, which
provided sufficient displacement of the mirror. Upon play-
back this would result in a 500-Hz signal.

Once the grooves were produced the disc was transferred
to a conventional record turntable. During playback the sty-
lus was able to convert the groove information into a stereo
signal as described in Fig. 1. The recording was captured

and saved as a WAV using Audacity. A PicoScope digi-
tal PC oscilloscope was used to analyze the waveforms.
A Keyence digital microscope and NanoFocus laser pro-
filometer were used to analyze the groove geometries.

4. RESULTS

A cross-sectional profile of a record groove inscribed in
HIPS, using the described methodology, is shown in Fig.
5. The groove has sloped sides with a wide base rather
than the “vee” seen in conventional records. It can also be
seen that the side walls rise above the surface of the disc
to form horns. Without modulation the groove width was
125 µm ± 2 µm with a depth of 60 µm ± 2 µm. Applying
an oscillating voltage to the laser produced a peak-to-peak
modulated groove width and depth of 60 µm ± 2 µm. The
horizontal modulation was 200 µm ± 2 µm peak-to-peak
and is imaged in Fig. 6. In a conventional microgroove
record the groove width is 25–100 µm with a maximum
horizontal peak-to-peak modulation of 50 µm and a depth
of 25–125 µm.

Oscilloscope traces of the various grooves produced are
shown in Fig. 7. Graphs A–C show distortion; this is ex-
plained in the discussion. Frequencies below 125 Hz and
above 800 Hz were removed using software low and high
pass filters in Adobe Soundbooth (Graph D). This mini-
mized the effect of the distortion, thereby allowing compar-
ison to the theoretical soundwave (Graph E). Graph E is the
theoretical signal calculated using the mid-side formulas.
A 2-ms delay was added to the difference signal (vertical)
of Plot E as the signal generators were not synchronized.

5. DISCUSSION

Initial tests using polyvinyl chloride (PVC) as the disc
material revealed that the recording was unplayable due to
excessive oxidation and vulcanization of the polymer. PVC
is an unfavorable material to work with when laser process-
ing as it breaks down to release chloride gasses and free
radicals [25]. Therefore regardless of the result observed
from PVC an alternative material was always going to be a
necessity.

Several other polymers were investigated, with high-
impact polystyrene (HIPS) producing the best result. With
HIPS the grooves were seen to exhibit noise, as shown in
Fig. 7(a)–7(c). The predominant reason for this was the
choice of material was not optimal for the laser system.
Further research is ongoing to address this. Other factors
that contributed to the degraded signal are from unwanted
mechanical vibrations of the equipment and mains hum.

Surface noise and groove deformation were a result of
thermal degradation of the HIPS and debris from the ma-
chining process. This is due to photothermal machining
occurring, whereby the photons in the beam have insuf-
ficient energy to break the polymers. Instead the photons
excite the bonds of the polymer, resulting in a material that
ablates by boiling [3–6]. To prevent photothermal machin-
ing a shorter wavelength can be used, which should improve
the groove precision. UV lasers emit photons with a high
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Fig. 4. Experimental set-up. Annotations: 1: laser source. 2: Galileo beam expander. 3: rotating galvanometer mirror. 4: 50-mm focal
lens. 5: rotating platter. 6: CNC stage for horizontal motion.

Fig. 5. Scanned HIPS groove with a scanned stylus overlaid. Scanned using a NanoFocus μScan laser profilometer.

6 J. Audio Eng. Soc., Vol. 68, No. 4, 2020 April
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Fig. 6. Microscope images of modulated groove: difference signal produced by modulating laser intensity at 10 Hz to produce vertical
modulation (left); stereo modulation 25 Hz lateral and 10 Hz vertical (right).

energy, such as 355 nm. The high-energy photons promote
photochemical interactions, leading to clean surface abla-
tion by breaking the chemical bonds [3,4]. This results in a
superior surface finish with less charring or vulcanization of
polymers [5,6]. The use of ultrashort pulse length, typically
a picosecond or less, can also improve the surface finish of
processed polymers [7], the theory being that the pulses are
of a sufficiently short period such that there is insufficient

time for the energy to propagate through the material. Ther-
mal energy is transferred to the ejected material rather than
being absorbed into the bulk [7,8].

Fig. 5 shows the etched groove is more of a “U” rather
than a “vee” profile. This is due to the beam interaction
with the polymer and the relatively long depth of field of
the focal lens used. The shape of the beam is Gaussian and
therefore produces a “U” shape due to its energy distribution

J. Audio Eng. Soc., Vol. 68, No. 4, 2020 April 7
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Fig. 7. Record signal plots in descending order; (a) sum, (b) difference, (c) stereo raw signal, (d) stereo with noise reduced, and (e)
theoretical signal. Continuous and dotted traces are the signals picked up on the left and right channels of the stylus.
8 J. Audio Eng. Soc., Vol. 68, No. 4, 2020 April
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profile. Fig. 5 shows a HIPS groove overlaid with a stylus.
The stylus can be seen to be resting on the horns of the
groove. This groove geometry results in a reduced contact
area when compared to a traditionally cut record, which
would wear quicker. Future investigations are planned to
combine the methodology detailed here with beam shaping.
Laser beams can be shaped into different energy profiles,
allowing the beam to be engineered into a more preferable
distribution. Depending on the stylus contact area, this may
mean that focusing on achieving a groove that eliminates
base roughness is unnecessary. There are a variety of beam
shaping techniques which includes masking the beam and
using a spatial light modulator [20,26,28].

The vertical component of the groove was controlled by
varying the laser power. The maximum power modulation
frequency of the laser was found to be limited to 10 Hz. This
limits the speed of the recording to a maximum of 1/20th

of a 33 rpm. A possible solution is to use PWM frequency
control of the laser to modulate the laser power. However,
this will produce bursts of pulses that may produce groove
distortion. Further research is investigating other methods
to vary laser power with a similar bandwidth to conventional
records.

As lateral groove modulation is controlled using a mirror
mounted on an analog galvanometer, the available speed
is limited. Higher frequency response and precision gal-
vanometers are available. A mono recording was used to
analyze the galvanometer response to a sinewave. Plot A of
Fig. 7 shows that the soundwave captured is more of a tri-
angle rather than a pure sinewave. This can be attributed to
the non-linear response of the galvanometer. The evidence
of this distortion is also seen in Plot C, where the peaks are
fairly angular. This is not unexpected given the age of the
galvanometer available at the time this research was carried
out. This is expected to be minimized with the installation of
a new galvanometer. In recent years galvanometer technol-
ogy has been somewhat superseded by polygon scanners.
A polygon scanner can achieve scan rates exceeding 250 m
s−1 over ten times the rate of a conventional scanner [26].

6. CONCLUSION

The results show that a stereo record groove can be pro-
duced from a single laser beam with a minimum of signal
processing. Mid-side audio processing enables the limiting
degrees of freedom of a laser system to be used to create
a stereo recording that reproduces that of traditionally en-
graved records. These initial investigations have identified
the key areas that require further research and refinement.
Research into alternative production methods for records
have thus far been limited. This research opens up a new
avenue of investigation.
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